Introduction
[2] The subcontinental lithospheric mantle (SCLM) is the lower part of the continental plate; it moves with the plate and carries a geochemical, thermal and chronological record of large-scale tectonic events that have shaped the Earth's crust . Studies of mantle xenoliths and xenocrysts brought to the surface by volcanic rocks have shown that the composition of SCLM is broadly related to its tectonothermal age, as defined by the time of the last major tectonothermal events in the overlying crust [Griffin et al., 1999a [Griffin et al., , 2003b and references therein] . We will use the tectonothermal classification of Griffin et al. [1999a] (modified from Janse [1994] ): Archons experienced their last major tectonothermal event >2.5 Ga ago; Protons were formed or modified from 2.5-1.0 Ga, and Tectons since 1.0 Ga. The SCLM beneath Archons is generally strongly depleted in basaltic components (Ca, Al, Fe, etc.) , while SCLM beneath Phanerozoic mobile belts (Tectons) is relatively fertile in terms of these components; SCLM beneath Proterozoic cratons and mobile belts (Protons) is generally intermediate between these two end-members.
[3] While xenolith data provide a picture of mantle composition at individual localities in specific time slices, the limited geographic and temporal distribution of xenolith suites does not allow mapping of the large-scale, three-dimensional compositional structure of the SCLM. To extend our understanding of lithosphere composition and structure, we must turn to remote-sensing techniques, based on geophysical methods. The most spatially extensive data set available for directly imaging the Earth's interior is global seismic tomography.
[4] Global tomographic studies show that continental ''roots'' with high seismic velocities extend to depths of 150-300 km under Archaean cratons [e.g., Jordan, 1988; Grand, 2002; Gung et al., 2003] , while younger areas typically show thinner ''roots'', with somewhat lower velocities and extending to lesser depths. Seismic tomography is typically interpreted in terms of thermal variations. However, calculations of seismic velocities for mantle-derived xenoliths show that variations in mantle composition can account for as much as 25% of the observed velocity range [Griffin et al., 1999a; O'Reilly et al., 2001; James et al., 2003] , with higher velocities corresponding to increasing degrees of depletion in basaltic components. Before seismic tomography can be used to map mantle composition, it is necessary to constrain the relative effects of temperature and composition, and relate both directly to variations in seismic wave speed. We will here show that by using constraints derived from a knowledge of the range of mantle compositions and the range of xenolith-derived geotherms, it is possible to invert tomography to obtain regional-scale maps of both the presentday geotherm and, within broad limits, mean mantle composition for the SCLM within the depth range 100-175 km (average depth of 140 km).
[5] We use a variety of data sources to achieve this. Mantle-derived xenoliths provide information about the composition and thermal state of the mantle, and high-pressure, high-temperature experiments [e.g., Carmichael, 1984] provide the basis for calculations of the physical properties of mantle rocks at high pressures and temperatures. The known range of density in different mantle rock types provides constraints for relating exper-imentally derived values to xenolith-derived compositional and thermal information, and thus to seismic velocities.
Rationale and Methodology
[6] Geochemical studies have constrained the composition and thermal state (at the time of eruption) of limited volumes of the mantle which have been sampled as xenoliths or xenocrysts [e.g., Griffin et al., 1999a; Griffin, 1996, 2006] . This study addresses the challenge of extending that knowledge to areas of the SCLM for which xenolith information is not available. A number of approaches have been developed in an attempt to solve the challenge of increasing the accuracy of estimates of lithospheric mantle composition. Deschamps et al. [2001] performed inversions of gravity data and seismic tomography models to develop a scaling factor which relates density anomalies to relative S wave velocity anomalies. They noted that there is a negative correlation between seismic velocities and gravity below continents to a depth of 200 km, as would be predicted from xenolith data.
[7] Murikami and Yoshioka [2001] assumed a pyrolite composition for the mantle and determined values of bulk and shear moduli with respect to pressure, temperature and the Grüneisen-Anderson parameter for mineral composites of pyrolite composition. Their model assumed that Mg# (=100Mg/ (Mg + Fe)) is 89 for all minerals. However, in reality this ratio in olivine (the dominant mantle mineral) varies from 95 in highly depleted mantle rocks, to 88-89 in fertile mantle. This variation has a significant effect on the density and seismic velocity of the mantle. ) tectonothermal ages. These values were derived by combining the mean modal and mineral compositions of mantle-derived xenoliths from areas of different tectonothermal history with high-pressure and high-temperature experimental data on the physical parameters of the constituent minerals.
[8] Taking this approach a step further, we use lithospheric thermodynamics and the logarithmic equation of state (LES) [Poirier and Tarantola, 1998 ] to relate seismic velocity at depth to lithospheric geotherms and density constraints, to develop estimates of mantle composition and geotherm for a given depth range.
[9] The LES relates the density, pressure and rate of change of the bulk modulus with respect to the density at ambient pressure. It does not compensate for thermal effects, which must be done separately. We chose to use the logarithmic equation of state [Poirier and Tarantola, 1998 ] rather than the more commonly used Birch-Murnaghan (B-M) equation because it is based on Hencky logarithmic strain, rather than Eulerian strain. While Hencky strain is approximately equivalent to Eulerian strain for small strains, it is more robust than Eulerian strain for larger strain values and allows for a more reliable extrapolation to pressures outside of the experimental range [Poirier and Tarantola, 1998 ]. The LES has a simpler expression, and while the differences in results between the two equations are minimal at low strains, experiments suggest that the LES is more accurate than the B-M at higher strains [Poirier and Tarantola, 1998 ]. Initial testing also showed that the LES appeared to give more realistic results, compared to xenolith data, than the B-M formulation.
[10] The procedure is summarized in Figure 1 . The first step in this inversion is to calculate the in situ lithospheric density r (P,T) for an assumed mantle composition. Taking the lithospheric shear wave velocity v (P,T) and determining the shear modulus at depth (m (P,T) = m (0,298K) + ( @m @T Â T) + ( @m @P Â P)) for an assumed composition and geotherm, we determine the value of the density of the lithosphere at depth r (P,T) , using the relationship
With the in situ density calculated, the pressure effects are then removed using values calculated for the bulk modulus at ambient pressure and lithospheric temperature (K (0,T) = K 0 + @K ð0;298KÞ @T Â T ) and the pressure derivative of the bulk modulus (K 0 0 = @K 0;T ð Þ @P ) for the assumed lithospheric composition by using a Newton's approximation to solve the logarithmic equation of state [Poirier and Tarantola, 1998 ] for r (0,T) :
A further step is required to bring the density to room temperature values. The conversion from lithospheric temperature is calculated using the relationship
where a (0,T) is the experimentally derived volumetric thermal expansion coefficient at ambient pressure (1 bar) and temperature T, given by [Fei, 1995] 
where a 0 , a 1 , a 2 and a 3 are the coefficients obtained from experimental results. The thermal expansion coefficient is determined from experimental data and is dependent on composition and temperature.
[11] This approach requires a geotherm, in order to determine the necessary temperature corrections. In addition, the application of stepped geotherms allows an assessment of the accuracy of the removal of temperature and pressure effects from the density during the modeling procedure. The geotherms used in this work are the classic model conductive geotherms of Pollack and Chapman [1977] , parameterized in 2.5 mW/m 2 steps between Figure 1 . Flowchart indicating the progress of the model inversion, to remove temperature and pressure effects from density. Figure 2 ). Corrections were not made for local variations in Moho depth; however, this work focuses on the lithosphere between 100 and 150 km where these effects are minimal. Such empirical xenolith-based geotherms are independent of uncertainties in the heat production and thermal conductivity of different lithospheric layers. They are based on geothermobarometric determinations on a set of xenolith or xenocryst samples from a given region (see summary of methods by O'Reilly and Griffin [2006] ). These represent the geotherm at the time of eruption of the host volcanic rock. The model conductive geotherms reflect particular assumptions about the distribution of heat sources in the crust and mantle, but they are useful because they approximate the P-T arrays derived from xenolith studies, and can be parameterized. There is a broad worldwide correlation between tectonothermal age, SCLM composition and geotherm; most Archon areas are characterized by low (30-40 mW/m 2 ) geotherms, and most Proton areas by higher conductive geotherms (40 -55 mW/m 2 ) Griffin, 1996, 2006; O'Reilly et al., 2001] .
[12] Our approach requires initial assumptions to be made about composition for a given area, due to the compositional dependency of the bulk and shear moduli and the thermal expansion coefficient. Because there are large differences in mean composition, and hence in density, between SCLM of different tectonothermal age Griffin et al., 1999a; O'Reilly et al., 2001; Griffin, 1996, 2006] , the choice of composition will strongly influence the resulting estimates of density and geotherm for each point. To reduce the effect of bias derived from initial compositional estimates, we have derived maps of the geotherm and mean density (for the given depth slice) assuming three different compositions, corresponding to mean Archean, Proterozoic and Phanerozoic SCLM (Table 1 ). The joint inversion of both density and geotherm is possible because (1) both parameters vary within relatively narrow limits in nature and (2) we are optimizing only for a choice of one of three generalized compositions and using a series of geotherms stepped at relatively wide intervals. The inversion of the geotherm thus is optimized with respect to a narrow range of realistic densities, defined by the forward modeling from xenolith data ].
[13] Taking the initial composition, the inversion calculates the density across a range of geotherms ( Figure 2) ; the optimum geotherm is accepted as that which yields the most realistic density, defined as the value closest to the mean of 3.31 g/cm 3 . In practice, only one of the model geotherms will typically give a density value in the range 2.9 -3.32 g/cm 3 , corresponding to known major mantle rock types. Initially assuming an incorrect composition may result in realistic densities due to the density optimization process, while calculating a realistic density from the wrong composition forces the calculation of an unrealistic corresponding geotherm for the area. This ''dual testing'' approach reduces compositional bias by removing the need for an initial compositional estimate. Comparison of the mono-compositional maps of geotherm and density allows us to identify areas where, for instance, an Archean or a Phanerozoic mantle composition yields an unrealistic geotherm, and areas where a realistic geotherm requires an unrealistic mantle density. In a second iteration, we replace the mantle composition beneath selected polygons with the composition that has yielded a realistic value of both geotherm and density, and which is at least broadly consistent with the tectonothermal history of the crust.
[14] The seismic data used in this work are derived from a global, 275 Â 275 km block shear wave model [Grand, 2002] , which was reprocessed by WMC Resources to interpolate a global, 100 Â 100 km model. The original model was derived in the customary inverse manner as deviations from the Preliminary Reference Earth Model (PREM) [Dziewonski and Anderson, 1981] ; the absolute values of seismic velocity required for this work were derived by adding the deviations to the PREM. The seismic data as presented here ( Figure 3 ) have a color scale which is the reverse of that normally used for presenting tomographic images; slower velocities are represented as blue to black, and faster velocities as red to white. This has been done to remove the a priori, but commonly misleading, assumption that high seismic velocities correlate with lower temperatures, which is implied by the traditional color scale. This choice of color scale also allows direct comparison of the seismic data with the density maps produced by the modeling. The seismic velocities used for the examples shown below were calculated for the depth slice between 100 km and 175 km below the surface of the Earth (Figure 3 ).
[15] The process summarized in Figure 1 was applied to each point interpolated from the seismic model individually, with no reference to the values of surrounding points. This approach was used to partially compensate for any bias introduced into the model from the assumption of composition, and the bias each calculation may have on those points surrounding it.
Results

Africa
[16] Figure 3 shows the Vs model for the 100-175 km depth slice beneath Africa; Figure 4a shows a tectonic synthesis in which crustal domains are classified by the timing of the last major tectonothermal event to affect the crust. The major features of this map are (1) a series of Archean cratonic blocks (A), several of which were reworked to varying degrees in Proterozoic time (P/A), (2) Proterozoic mobile belts (P), an assemblage of Archean to Proterozoic crustal fragments swept together in Pan-African time, or otherwise modified since 1.0 Ga (T/P), and (3) narrow zones affected by post-Pan-African rifting (T). Evidence on mantle composition and on the local geotherm at the time of eruption is provided by xenolith and xenocryst data from a large number of geographically widespread kimberlites, mostly from southern Africa and Tanzania (Figure 3 ) [Griffin et al., 2003a , and references therein].
[17] In Figure 3 the West Africa Craton and Congo Craton show up as relatively homogeneous, highvelocity masses; the Kalahari Craton is more diffuse, with the highest velocities under the NE part in Zimbabwe. Large regions of moderate to high velocity are present at 100-175 km depth west of the West African coastline ; the largest of these areas is the extension of the Congo Craton. The Sahara MetaCraton (also known as the Ghost Craton) in northern Africa is a collage of Proterozoic to Archean crustal fragments, assembled in Pan-African time; it shows up as a block with a range of relatively low Vs (yellow-orange tones). Areas of moderate Phanerozoic extension across central Africa and Cameroon, and the Damara Orogen in SW Africa, have still lower velocities (yellow-green tones). The East Africa Rift has very low seismic velocities in the 100-175 km depth range, shown as deep blue to black tones. A well-defined lowvelocity region beneath the Hoggar Swell extends to !400 km and in fact, the LES cannot be reasonably solved for Vs values in this region; melts or fluids may be responsible for the low Vs. The Vs anomaly may image a mantle hot spot responsible for the regional uplift and the Cenozoic volcanism of the Hoggar swell .
[18] Figures 5 to 7 show the single-composition maps of the SCLM at a depth of 100-175 km below Africa. The color scale of the density images is optimized to highlight features within the expected range of 2.9 g/cm 3 to 3.32 g/cm 3 for lithospheric densities. Densities shown as dark blue on the images are lower than expected from forward modeling (especially if they are matched by low geotherms), while densities shown in yellows are equivalent to the density of Phanerozoic (Tec- ton) lithosphere. Reds on the images represent values higher than expected from forward modeling of xenolith data, especially if accompanied by higher geotherms. As the higher geotherms considered here approach the mantle adiabat [e.g., McKenzie and Bickle, 1988] at lithospheric depths, we have biased our inversion to default to the SEA geotherm in that circumstance. Consequently, the SEA geotherm (shown in red), indicates either that the geotherm is equivalent to the SEA geotherm (the case for young mantle), or that the adiabat has been reached at 140 km depth in that region.
[19] For each of these maps, the calculated density of the SCLM is close to 3.3 g/cm 3 for most of the continent (Figure 5 ), which is a result of the optimization process. Those areas which are closest to a density of 3.3 g/cm 3 have the highest accuracy in the inversion results. Younger areas at plate margins such as the Atlantic Ocean generally give a density of 3.36-3.38 (shown in yellow), which is consistent with Tecton or Primitive mantle (Table 1 ). The Hoggar Swell and the East Africa Rift give densities well above 3.4 gm/cm 3 , outside the observed range for mantle peridotites for a realistic geotherm. This suggests that a partial melt fraction is present at this level in the mantle (100-175 km). The presence of fluid will reduce the in situ shear wave velocities, which the inversion will interpret as corresponding to artificially high densities. While some of the temperature anomaly in the region could be explained by anelasticity, Karato [1993] indicated that if anelasticity were not taken into account, a $5% Vs anomaly would result in the overestimation of DT by $300 K, for Q u $ 100. Venkataraman et al. [2004] performed joint P wave velocity perturbations and Q P values for the East African Rift, taking into account anelasticity after Karato [1993] , and found that the upper mantle temperatures (100 -400 km depth, Q P $ 80) are 140 -280 K higher than ambient mantle temperatures. The Grand [2002] model indicates a temperature anomaly of >300 K due to a Vs anomaly of $2%. This indicates that there are further processes at work in the SCLM of the East Africa Rift than anelasticity. In addition, the mantle temperatures calculated by Venkataraman et al. [2004] and this work indicate that the EAR lithosphere is at a temperature that would permit partial melt.
[20] Comparing the effect on the geotherm of forcing the density to 3.3 for a given composition allows the assessment of the likely composition of the region under investigation. An assumption that the entire African SCLM is Archon in composition ( Figure 5 ) results in geologically reasonable geotherms of to 32.5-35 mW/m 2 within most the Archean cratons; lower geotherms (30 mW/m 2 ) are limited to a strip along the western side of the West Africa craton and small regions within the Congo Craton. However, even geotherms higher than 60 mW/m 2 (resulting in temperatures equivalent to the mantle adiabat in this depth range; Figure 2 ) are insufficient to balance the anomalously high densities required by an Archon com- position on the eastern side of Africa, in the Sahara Meta-craton, and with increasing proximity to the East Africa Rift.
[21] The assumption of a uniform Proton composition for the SCLM (Figure 6 ) provides more geologically reasonable results, particularly for the Sahara meta-craton. However, imposing a Proton composition on the Archean cratons results in modeled densities lower than those measured in xenoliths from such cratons [Griffin et al., 1999b; James et al., 2003] . These low densities cannot be compensated even by geotherms <30 mW/m 2 , which are much lower than xenolith-derived geotherms for, e.g., the Kaapvaal craton and its surroundings [James et al., 2003; Griffin et al., 2003a , and references therein). Using a constant Tecton composition produces relatively small differences; it requires higher geotherms in the Sahara Metacraton than those determined for a Proton composition, and enlarges the areas of anomalously low density and low geotherm in the Archons (Figure 7 ).
[22] The differences produced by this inversion are well illustrated by the contrast between Namibia and the adjacent Kalahari Craton. The SCLM domains of these adjacent areas are seismically distinctive with medium-velocity wave speeds (greens and yellows) beneath Namibia and higher velocities (red tones) beneath the Kalahari Craton. Xenolith data from the southern part of Namibia show a relatively fertile SCLM with Proterozoic Re-Os ages [Hoal et al., 2000] and a geotherm near 45 mW/m 2 , contrasting with the generally depleted Archon SCLM seen in xenolith suites from the Kalahari Craton. Close inspection of the density and geotherm maps for this region on the singlecomposition maps indicates that while an Archon composition is suitable for the Kalahari Craton, it results in densities and geotherms which are unrealistic for the SCLM below Namibia ( Figure 5 ). Imposing a Tecton composition (Figure 7 ) results in geotherms higher than expected (from the xenolith data) in Namibia and lower than expected in the Kalahari Craton. Conversely, a Proton composition ( Figure 6 ) results in the most realistic estimate of geotherms for the SCLM below Namibia but significantly lower than expected in the Kalahari.
[23] From these analyses we find that the SCLM of the West Africa Craton, Congo Craton and Kalahari Craton are best modeled using an Archon composition, while the Sahara Meta-craton and most other parts of the continent west of the East African Rift, including the portion of the SCLM extending off the West Atlantic margin, are best modeled with a Proton composition. The Hoggar Swell and the East Africa Rift are best modeled with a Tecton composition, although this approach cannot effectively model the composition or geotherm of the East Africa Rift and the West Atlantic lithosphere. Using this mixed-composition SCLM (Figure 4b ) in the inversion produces the geotherm and density maps shown in Figure 8 . [25] 1. The West African Craton, despite its deformed Proterozoic cover, is underlain by a thick Archon-type root. The core of the unexposed Congo Craton also has an Archon-type root, but this has been extensively modified (toward Proton compositions) along the southern margin.
[26] 2. The root of the Kalahari craton contains a relatively small core of Archon-type material, surrounded by mantle generated or modified in Proterozoic time.
[27] 3. The Sahara Meta-craton has a relatively thin root, mainly of Proterozoic-type SCLM; a small region in southern Algeria shows anomalously low densities compared to those predicted for SCLM of Proterozoic composition and may contain more Archon-like SCLM.
[28] 4. The East Africa Rift cannot be modeled; this implies the presence of melts or other fluids at these depths. This interpretation is consistent with xenolith/xenocryst data from the Tanzanian craton, which image a relatively thin Archon-type SCLM extending to $150 km depth, where it is underlain by fertile asthenosphere-type mantle [Griffin et al., 1994 [Griffin et al., , 2003a O'Reilly and Griffin, 1996; Maguire et al., 1994] .
[29] 5. The Hoggar Swell is underlain by Tectontype mantle with a high geotherm; this feature may image a narrow hot upwelling responsible for the uplift and volcanism of the region. 
Siberia
[31] The region of Siberia studied here (Figure 9 ) is centered on the Archean areas of the Siberian Craton and the Aldan Shield. The main cratonic block, which is exposed only in the Anabar Shield and the Aldan Shield, was reworked in Proterozoic time along major shear zones. It is bordered to the north by a series of Proterozoic terranes, and to the east and south by Phanerozoic fold belts. To the west, a collage of old and young terranes underlies the West Siberian Basin, and the Urals Fold Belt runs between this collage and the Archean basement of the East European Platform (shown only in the NE corner of the figure). Within this region, the geotherm and mantle composition are constrained by xenolith data from Paleozoic to Mesozoic kimberlites scattered across the Archean and Proterozoic parts of the Siberian Craton [Griffin et al., , 2006 and from basaltic localities around the southern margin of the Craton [Griffin et al., 1999b] . The central Archean block has been affected by Proterozoic shearing and minor magmatism, Devonian rifting, and the intrusion of the Siberian Traps; the Aldan Shield has escaped significant modification [Zonenshain et al., 1990; Griffin et al., 1999b] (Figure 10a ).
[32] The seismic tomography image (Figure 9) shows that the SCLM of the Archean cratonic areas of Siberia, and the SCLM of the East European Platform, generally have high velocities (red and white tones). The Proterozoic terranes on the This model also gives reasonable geotherms for large areas of the West Siberian Basin, and for the basement of the East European Platform. However, the estimated geotherms for the Proterozoic belts on the northern edge of the Craton are higher than those calculated from xenolith data [Griffin et al., 1999b] . The high geotherms on the southern margin of the craton are consistent with data from xenoliths in Tertiary basalts.
[34] The assumption of a uniform Proton composition ( Figure 12 ) gives geotherms consistent with xenolith data for the Proterozoic belts on the northern edge of the Craton, but produces unrealistically low densities for some parts of the Archean craton, the Aldan Shield, the East European Platform and a large area within the West Siberian Basin. It also expands the regions with improbably low geotherms, especially in the West Siberian Basin. A uniform Tecton composition ( Figure 13 ) shows similar discrepancies; it further enlarges regions with anomalously low density and geotherms.
[35] A mixed-SCLM analysis, using the polygons shown in Figure 10b , produces the maps shown in Figure 14 . These maps allow the following observations:
[36] 1. Relatively unmodified Archon-type SCLM underlies the Aldan Shield, parts of the central Siberian Craton, a large area beneath the West Siberian Basin and the edge of the East European Platform. Estimated geotherms for these areas are lower than those derived from kimberlite-borne mantle xenoliths but higher than those estimated from present-day heat flow [Griffin et al., 1999b [Griffin et al., , 2005 ; and references therein]. These differences may provide evidence that kimberlite-borne xenoliths sample temporarily elevated geotherms, rather than the long-term stable one.
[37] 2. Within the Siberian Craton, some zones have been modified toward less depleted compositions; some of this modification may be due to the Permian intrusion of the Siberian Traps. However, one N-S zone of high geotherm (Figure 14 ; $110°E), separating two regions of lower geotherm, corresponds to a weak zone in the SCLM, independently mapped by Poudjom Djomani et al.
[2003] using Effective Elastic Thickness modeling. This feature has been interpreted as a major mantle shear zone, which also has localized the intrusion of Devonian to Mesozoic kimberlites.
[38] 3. Very low seismic velocities, and correspondingly high calculated densities and geotherms, are found beneath the Phanerozoic mobile belts to the E and S of the cratonic areas. This observation suggests that the lithosphereasthenosphere boundary in these areas lies close to 100 km depth, consistent with estimates from xenolith suites [Ionov et al., 1998, and references therein] . [Griffin et al., 2005] . A, Archon; P, Proton; T, Tecton; P/A, Proton-reworked Archon; T/P, Tectonreworked Proton; T/P/A, Archon lithosphere which has experienced reworking in both Proton and Tecton times. (b) Lower Lithospheric Domains (LLDs) of tectonothermal ages developed through analysis of the results summarized in Figures 17-19 .
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North America
[39] The Vs tomographic model for the 100 -175 km depth slice beneath North America (Figure 15) shows that much of the northern part of the continent is underlain by a high-velocity root, corresponding to a large composite cratonic area developed in Archean to MesoProterozoic time (Figure 16a ). Moderate seismic velocities are associated with the NeoProterozoic orogens along the eastern seaboard of Canada and the USA, and wrapping around the southern edge of the older Craton; the high-velocity area beneath Newfoundland is an anomaly within this belt. In the Phanerozoic fold belts of western North America, and the far southeast, seismic velocities are generally low; a higher-velocity region in northern Alaska is anomalous in this respect.
[40] Controls on SCLM composition and geotherm are provided by xenolith data from a large number of kimberlite fields scattered across the cratonic regions and its margins (Figure 16a) , and from basaltic rocks in the west and southwest. These data show generally low geotherms across the cratonic regions, rising only marginally in the NeoProterozoic mobile belts. Xenolith-based geotherms in the Tecton areas of the western USA and northern Mexico are close to the empirical SEA geotherm (Figure 2 ). Xenolith and xenocryst data show strongly depleted SCLM compositions beneath areas shown as Archon in Figure 16a , and somewhat less depleted compositions beneath the areas affected by PaleoProterozoic to MesoProterozoic tectonism. However, xenolith/xenocryst samples are concentrated around, rather than within, the areas of highest [41] Assuming a uniform Archon composition (Figure 17) gives acceptable combinations of density and geotherm (30-35 mW/m 2 ) for the central parts of the Craton, but requires unrealistically low densities and high geotherms across much of the region affected by PaleoProterozoic to MesoProterozoic tectonism. Beneath West Greenland, an Archon composition would require unreasonably high density coupled with a high geotherm. This model also would imply quite high geotherms (!50 mW/m 2 ) in the southern central portion of the USA, which is not consistent with available xenolith data .
[42] A uniform Proton composition (Figure 18 ) is clearly inappropriate for the main part of the craton; it cannot produce a realistic density even at very low geotherms. However, it does yield geotherms consistent with xenolith data for areas bordering the Craton, and an acceptable density for West Greenland. A uniform Tecton composition ( Figure 19 ) produces a similar result; it underestimates density (even at the lowest geotherms) across most of the continental core, but still is unable to provide realistic densities, even at the highest geotherms, for the SW part of the continent. The similarities in the shape of the anomalously low-density area for Proton and Tecton compositions illustrates the sharpness of the boundary between the depleted mantle of the continental core, and the more fertile mantle of the surrounding mobile belts. A mixed-composition model, using the polygons shown in Figure 16b , yields the geotherm and density maps shown in Figure 20 . This model yields realistic geotherms (comparable to those derived from xenolith data) for most of the continent west of the Cordillera, and allows the following observations:
[43] 1. The central cratonic area is mostly underlain by Archon-type SCLM with low geotherms; this implies that the SCLM is !175 km thick across this region, in general agreement with the heat flow modeling of Mareschal and Jaupart [2004] . Van der Lee [2002] showed SCLM thicknesses of $200 km along most of a traverse from Missouri to Massachusetts, consistent with our data.
[44] 2. Within the central cratonic region, there are no areas that require Proterozoic SCLM. This suggests that the PaleoProterozoic to MesoProterozoic tectonic belts that cross the craton (Figure 16a ) are underlain by highly depleted SCLM; either the Proterozoic events did not modify preexisting Archon-type SCLM, or similar SCLM was produced in Proterozoic time.
[45] 3. Proterozoic areas around the edge of the main craton are underlain by less strongly depleted mantle, and have higher geotherms. The modeled gradient in geotherm at the edge of the craton (Figure 20 , top) may reflect linked changes in composition and geotherm, which cannot be resolved further with this approach. This gradient may also reflect an overall thinning of the SCLM, which would be seen as a gradient in both composition and geotherm; in the NE USA, this thinning is confirmed by the detailed seismic tomography studies of van der Lee [2002] .
[46] 4. Depleted SCLM extends far to the south in central and eastern USA. The outline of this cratonic volume coincides well with that derived from magnetic data Sabaka et al., 2004] .
[47] 5. Volumes of probable Proterozoic SCLM occur under the Avalon Province (SE. Canada), and beneath northern Alaska, suggesting the presence of microcontinental blocks within these Tecton regions.
[48] 6. In the Cordillera of western North America, both a Proton-type SCLM and a Tecton-type SCLM yield realistic but high densities, and an SEA-type geotherm. West of the Cordillera, densities are still too high even with the SEA-type geotherm. This combination suggests that the SCLM is (175 km thick in these regions, so that the integrated velocity model for the 100-175 km depth range includes a large proportion of asthenospheric mantle, probably containing small volumes of melt or other fluids.
[49] 7. Small areas of Tecton composition with high geotherms along the east coast of the USA correspond to areas where kimberlitic rocks have sampled thin, fertile SCLM ; van der Lee [2002] shows a significant thinning of the SCLM across this area.
Summary and Conclusions
[50] The use of thermodynamic modeling to constrain the reduction of temperature and pressure derivatives of moduli during the conversion of shear wave seismic velocity to density within the SCLM is highly model-dependent, requiring an initial assumption of either composition or thermal state, based on xenolith studies. There are two points which must be considered with respect to this approach:
[51] 1. A circularity of logic can result from the necessity to initially assume both the composition and the thermal state of a region, in order to derive the shear and bulk moduli for lithospheric pressures and temperatures. We have approached this problem by initially calculating density for a single homogeneous composition over all quantized geotherms (taking xenolith data as giving the most accurate geotherms to describe the thermal state of the SCLM), and using the results to determine the most realistic geotherm for a given sample. As an additional check of the validity of this approach, the inversion was performed for each seismic data point without reference to the data around it, and without reference to xenolith data for that region. Good agreement exists between the determined optimum geotherm from point to point, and between the model and published xenolith data (see results for North America, for example).
[52] 2. There is no unique solution for geotherm and composition, with only shear wave velocity as a constraint. We have approached this problem by quantizing both geotherm and composition, based on our knowledge of the range of mantle composition and density, and the range of geotherms observed in xenolith studies. Simultaneously inverting density and geotherm and relating these to a relatively narrow field of known compositions from forward modeling allows us to determine the optimum composition (within broad limits) for a volume of SCLM. Typically only one composition will give a realistic estimate of both density and geotherm. Because of this, density and geotherm cannot be interpreted independently; they must be considered jointly.
[53] 3. Xenolith geochemistry and xenolith-derived geotherms provide an added constraint in the inversion process; however, the results obtained from the inversion commonly indicate somewhat lower lithospheric geotherms than those derived from xenolith data. This may indicate that xenoliths sample temporarily elevated geotherms related to the volcanic episode, rather than the long-term stable geothermal state of a region. This effect is likely to be smallest for xenolith suites from kimberlites, which represent small-volume volcanic episodes, and larger for basaltic provinces . However, our modeling suggests that it probably cannot be ignored even in the case of kimberlite magmatism.
[54] 4. While there have been previous attempts to model SCLM composition using global tomography data, resolution has been low, making it difficult to resolve many features. The development of a 2-degree tomographic data set has permitted the resolution of craton-scale features and the mapping of their spatial extent in three dimensions using a variety of techniques. The detailed correlations between features of this tomographic model and geological features in the upper lithosphere will be discussed in a separate publication (G. Begg et al., manuscript in preparation, 2006 ).
[55] 5. The inversion method we describe does not image Phanerozoic (Tecton) lithosphere well, because (1) Tecton lithosphere is thin, so the geotherm often approaches the adiabat at the depths we have considered, making discrimination between geotherms impossible, and (2) the potential presence of partial melt within this depth slice, particularly in areas such as spreading plate boundaries and the East Africa Rift, causes shear wave velocity to drop, limiting the uniqueness of calculations depending on shear wave data. A logical next step in this analysis would be to consider P wave (Vp) seismic data coincident with the shear wave data. This approach would allow added constraints on the compositional estimates because the moduli upon which Vp and Vs rely differ in their sensitivity to temperature and mineral composition [Kennett et al., 1998 ].
[56] 6. Relatively sharp boundaries of density and geotherm are visible in the lithosphere in areas of compositional contrast. The results presented here emphasize the importance of considering compositional effects, as well as temperature differences, when interpreting seismic tomography at lithospheric depths. Compositional effects can produce very strong, persistent lateral gradients in seismic velocity, whereas thermal gradients, unless imposed very recently, are likely to be more diffuse.
[57] 7. This work provides evidence that while thermal effects are the main controlling factor on the velocity of shear wave seismic data, it is possible to isolate the effects of density and composition from thermal effects. The results show that the thermal regime of a region is not always correlated with the tectonothermal age of the SCLM. In the data we have presented here, this is most marked in the Sahara Meta-Craton. Thus it is necessary to consider more than the thermal regime of the SCLM when interpreting seismic data that sample the lithosphere.
